Flow boiling heat transfer of water in a vertical rectangular mini-channel is investigated experimentally in this study. Heat transfer coefficient data are obtained for a mass flux range of 5~58 kg/m 2 s and a heat flux range of 1~5.6 kW/m 2 . The influence of heat flux, mass flux and vapor quality on heat transfer coefficient is also analyzed. The heat transfer coefficient increases with increasing heat flux but is mostly independent of mass flux and vapor quality. Based on the existing three-zone model, a new theoretical model is established to calculate the heat transfer coefficient of confined bubbly flow region. With the Mean Absolute Error being 9.72%, the new model provides a good prediction to the experimental results.
Introduction
Research on two-phase compact heat exchangers has gained increasing attention over the years because of the advantages of using small channels as summarized in Ribatski et al. [1] . For the study of flow boiling heat transfer characteristics in mini-channel, the usual approach is based on experiments, through mathematical regression of experimental data, fitting the experimental heat transfer coefficient of correlation. Although this method can be more intuitive demonstrate the impact of various parameters on the heat transfer coefficient and easier to realize, while this kind of correlations are often limited to some kind of working fluid and is valid only under specific experimental conditions. Some mini-channel theoretical heat transfer models which are valid in a wide scope have been proposed by researchers based on a great mount of experimental study [2] . For instance, the three-zone model proposed by Thome et al. [3] as well as the annular flow heat transfer model proposed by Qu and Mudawar [4] . However, there are only few experimental researches related to the heat transfer characteristics of confined bubbly flow region. In this paper, some modifications are made with new features of confined bubbly flow to the existing three zone model, so that a new theoretical model is established to calculate the heat transfer coefficient of confined bubbly flow region. The influence of heat flux, mass flux and vapor quality on heat transfer coefficient is also analyzed.
Experimental apparatus
The schematic diagram of flow loop and test bench appearance is shown in Fig 1. By controlling the entrance flow rate G' and the entrance temperature T in to realize different experimental conditions as well as access to the corresponding system heat transfer and pressure drop characteristics. . The channel width is 2.0mm, 1.5mm, 1.0mm and 0.5mm, respectively, and the specific parameters are shown in Table1. 
Results and discuss

Average heat transfer coefficient
Heat transfer coefficient of modified three-zone model can be calculated as following:
For the film evaporation region, assuming the liquid film is stationary, the local heat transfer coefficient can be expressed as 1-dimensional heat conduction through the film,
According to equation (2), the evaporation heat transfer coefficient film h , when the minimum thickness of film 0 end . Then the liquid film minimum thickness must be a certain value and greater than 0. Thome et al [3] . noted that the liquid film thickness and the heating surface roughness should be in the same magnitude.
The heat transfer coefficient of the liquid slug region and evaporation region can be calculated as following, respectively:
Under the premise of constant heat flux, for the fully developed laminar flow, which Nu number should be a determined value 8.23; while for the developed turbulent flow, the Nu number can be calculated by Dittus-Boelter equation.
Treatment of undetermined parameters
Since affected by many factors, such as channel geometry, physical properties of working fluid and channel surface roughness, the initial film thickness correction factor C 0 and the bubble generating period are difficult to be determined. Based on the research of Dupont et al. [5] and take into account the experimental data of this work, the optimized value of these two parameters has been derived:
which, h exp is experimentally measured heat transfer coefficient, h pre is modeling predicted heat transfer coefficient. When the C 0 =3.448, the model predictions get best match with the experimental data. The trend of bubble generation rate f g under different flow rates G' is shown in Fig 2. Under constant heat flux, the bubble generation frequency increased with increasing of mass flow rate. This is due to the rise of drag force in the mainstream can makes the bubble get rid of the bound of wall surface tension in a shorter period of time. 
Experimental comparison
Based on the modified model, the heat transfer coefficient of confined bubbly flow in S=0.5mm channel under three heat fluxes has been predicted, see Fig 3 . Notably, this model is established on the basis of confined bubbly flow, so it is only applicable for heat transfer coefficient predict in this region. The modeling predictions are in good agreement with the experimental results, and successfully described the increasing trend of heat transfer coefficient with a rising of vapor quality.
The trend of heat transfer coefficient with different vapor qualities under constant heat flux is shown in Fig 4 . By Contrasting the two figures (Fig 3. and Fig 4. ), it is apparent that the heat transfer coefficient of confined bubbly flow will increasing with increased heat flux, while it is not sensitive to the changing of mass flow rate. In the area where vapor quality relatively higher (0.03<x<0.06), the model predictions get good agreement with that of experimental data. In the area with lower vapor quality (x<0.03), since this area is in the initial stage of boiling, the flow pattern has not change to stable confined bubbly flow, there is certain error between model predictions and experimental data. As a transition flow pattern from initial boiling to stable annular flow and two phase slug flow, the confined bubbly flow heat transfer characterized by joint action of initial nucleate boiling and forced convective boiling. Comparing the experimental data with the corresponding model predictions, and calculate the Mean Absolute Error (MAE), see Fig 5. The results show that the theoretical model presented in this paper can well predict the confined bubbly flow heat transfer coefficient in a vertical rectangular mini-channel. The mean absolute error is 9.72%.
Conclusion
Based on the existing three-zone model and make reasonable modifications, a theoretical model can be used for calculating the bubbly flow heat transfer coefficient in vertical rectangular mini-channel has been proposed. The model provides a good prediction to the experimental results, especially in the area where vapor quality relatively higher.
